The trioxadispiroketal residue in the marine biotoxin azaspiracid-1, which exists in a configuration capable of exhibiting a double anomeric effect, is believed to be the thermodynamically most stable bis-spiroketal diastereomer. In order to get insight into how structural factors affect this equilibrium, a simplified ABC trioxadispiroketal analog of azaspiracid-1 was synthesized and subjected to equilbration and computational studies. Compound 7, which represents a double anomeric effect was obtained as the major isomer, together with diastereomers 14 and 15, in a respective ratio of 62:22:16. DFT calculations for 7, 14 and 15 qualitatively matched this observation. These results suggest that while a double anomeric effect may play a major role in the stability of the trioxadispiroketal configuration in the more complex natural product, the substitution pattern of the C ring is also a contributing factor. Scheme 1: Previous and planned studies on trioxadispiroketal analogues of azaspriacid-1.
Azaspiracid-1, which belongs to a group of potent and structurally complex polyether biotoxins, was first detected in mussels (mytilus edulis) in Ireland in 1995 [1] . Although the symptoms of azaspiracid poisoning are similar to those associated with the more well-known shellfish toxin, okadaic acid, the mechanism of action of the two biotoxins are believed to be different [2, 3] . The unusual activity and the structural complexity of the azaspiracids have stimulated considerable synthetic interest. The only total synthesis of azaspiracid-1 was reported by the Nicolaou laboratory [4] . This investigation led to a structural correction in which the location of the alkene in ring A and the stereochemistry of the trioxadispiroketal moiety in the originally assigned structure, were corrected. Subsequently the Evans group reported the synthesis of ent-1 [5] . Our laboratory as well as the groups of Carter and Forsyth have completed syntheses of the ABCD subunit [6,7g,8d] and several studies on less complex segments have been documented [7-9].
An interesting structural feature of azaspiracid-1 is the configuration of the trioxadispiroketal, which is such that it allows for a conformation in which the exocyclic oxygen on both tetrahydropyranyl rings are axially positioned, i.e. a double anomeric effect [10, 11] . Accordingly, it has been suggested that the naturally occurring diastereomer of azaspiracid-1 corresponds to the thermodynamically most stable motif. Indeed, it has been shown that the natural trioxadispiroketal configuration is generated as the exclusive or major diastereomer under conditions that may allow for product equilibration [5a,7f,12] . In our own investigation of this issue we observed that exposure of a methanolic solution of the iodide 2 to silver trifluoromethanesulfonate (AgOTf) followed by addition of water and pyridinium p-toluensulfonate (PPTS) to the reaction mixture, afforded 5 as a single trioxadispiroketal product (Scheme 1) [6] . This unusual spiroketalization methodology was conceived with potentially labile substrates such as the azaspiracids in mind. The reaction is presumed to proceed via the silver (I) mediated transformation of 2 to the six-membered ring oxocarbenium ion 3, to provide an intermediate bismethyl acetal 4. Under the aqueous acidic conditions, 4 undergo hydrolysis, followed by dispiroketalization to give 5. In order to assess the impact of the double anomeric effect on trioxadispiroketal equilibration, relative to other substituent effects, we undertook a synthetic and computational investigation on 7, the ABC trioxadispiroketal analogue that contains a simplified C-ring residue [13] . These results are described herein.
The synthesis of 6, the precursor for the spiroketalization reaction started with the preparation of sulfone 10b from the known aldehyde 8, via a standard reaction sequence (Scheme 2) [14, 15] . Sulfone 10b and aldehyde 11 [16] were then subjected to a Julia-Kocienski olefination [17] . This reaction provided 12 in 90% yield, as a mixture of isomers (E:Z ca 7:1). Alcohol protecting group modification on 12 afforded 13 as a chromatographically inseparable mixture of diastereomers, (E and Z isomers with respect to the two alkenes, and an approximately 1:1 ratio of acetal anomers). Treatment of 13 with iodonium dicollidine perchlorate (IDCP), in anhydrous CH 3 CN provided an unstable mixture of products (Scheme 3). Analysis by NMR spectroscopy of a partially purified sample and characterization of the eventual bis-spiroketals (vide infra), supported the formation of the 6-exo-trig product 6, as the major component of this mixture. The crude mixture was subjected to hydrolysis of the methyl acetal using p-TsOH in wet acetonitrile. The presumed lactol product was also unstable, and was therefore dissolved without purification in anhydrous CH 2 Cl 2 , and treated with AgOTf. These conditions led to a 62:22:16 mixture of three bis-spiroketal isomers 7:14:15 in approximately 40% overall yield from 5. Since the bis-spiroketalization step in the synthesis of the more complex ABCD analog 5 was performed using different reaction conditions (i.e. AgOTf, MeOH then PPTS, H 2 O), for a more accurate comparison of isomer ratio, the present synthesis was repeated following the identical conditions used for 5 [6, 18] . Thus, a solution of crude methyl acetal 6 in methanol was treated directly with AgOTf, after which water and PPTS were added to the reaction mixture. However, this modification had no significant effect on the composition or ratio of the bis-spiroketal diastereomers (i.e. 7:14:15, ca 3:1:1 Interestingly, when the NMR samples of the individual trioxadispiroketals in CDCl 3 were allowed to stand at 0 o C for several months, each sample produced a mixture of 7, 14, and 15 in a similar ratio to that obtained in the spiroketalization reaction. This result suggested isomer equilibration, and by extension, that the product distribution in the AgOTf mediated spiroketalization reflected a thermodynamic ratio.
Comparison of the apparent equilibrium ratio of the ABCD framework 5 with the results for the ABC systems 7:14:15 could shed light on the factors that affect the relative stability of trioxadispiroketal diastereomers ( Figure 2 conformation that leads to two anomeric effects with respect to the five membered oxacycle, whereas the analogous conformation in the cisoid arrangement suffers from unfavorable torsional or dipole effects [19] . In comparison 5, the ABCD analog corresponding to 14, is obtained as the exclusive bisspiroketal product, suggesting that relative to 14, 5 has a much higher thermodynamic bias over the other bisspiroketal diastereomers. Thus it appears that in the case of 5, the additive effect of the double anomeric motif and the transoid arrangement of oxygen substituents on the five membered rings, is augmented by favorable conformational factors on the C ring. This argument is consistent with results obtained by Carter for the more substituted ABC analog 17 [7g]. In this case equilibration also favors a single configurational isomer, which may represent a synergistic interplay of a double anomeric effect, a transoid motif and the more stable flip chair conformation of the C ring [20] .
In order to estimate the relative energies of 7:14:15:16, notwithstanding solvent effects, we next performed a DFT B3LYP/6-31+G(d, p) calculation as implemented in Gaussian 03 (ESI) [21, 22] . The relative energies computed for 7, 14 and 15 qualitatively matched the experimental results ( Figure 3 ). Trioxadispiroketal 7 which corresponds to a double anomeric effect with the anomeric oxygens on the central five membered ring in a transoid orientation, was 1.84 kcal/mol and 5.57 kcal/mol more stable than 14 and 15, which represent double anomeric-cisoid and mono anomeric-transoid arrangements, respectively. However, these calculations should be viewed with caution because the mono anomeric-cisoid 16 which was computed to be lower in energy than 15, was not observed experimentally, whereas 15 was.
In conclusion, the equilibrium distribution of bisspiroketal diastereomers for different ABC and ABCD trioxadispiroketal analogues as well as computational data suggest that the double anomeric effect is a major contributor to the stability of the trioxadispiroketal configuration in azaspiracid-1. However, the double anomeric effect alone does not adequately account for the apparently much greater stability of the natural bis-spiroketal isomer over its other configurational isomers. Other stabilization effects associated with the transoid arrangement of the oxygen substituents on the five membered ring and the conformation of the C ring also appear to be important. The interrogation of this hypothesis within the context of unnatural analogues of azaspiracid-1 and related trioxadispiroketal frameworks, and expansion of the underlying synthetic methodology are in progress, and will be reported in due course.
Experimental
Unless otherwise noted, all reactions performed in organic solvents were conducted under an atmosphere of argon with oven dried glassware using standard syringe and septa techniques. Solvents were purified by standard procedures or used from commercial sources as appropriate. Petroleum ether refers to the fraction of petroleum ether boiling between 40 and 60 o C. Thin layer chromatography (TLC) was performed using Whatman silica gel HF 254 or Selecto Scientific alumina B F 254 plates.
Chromatograms were developed under UV light, and by staining with molybdophosphoric acid or potassium permanganate. Flash column chromatography (FCC) was performed using silica gel 60 (230-400 mesh) or Brockmann I alumina gel (150 mesh). 1 H-NMR and 13 C-NMR spectra were recorded on a Bruker 500 MHz spectrometer in CDCl 3 or C 6 D 6 . Proton and carbon chemical shifts were reported in parts per million (ppm) relative to CHCl 3 at 7.27 ppm or C 6 H 6 at 7.16 ppm, and CDCl 3 at 77.23 ppm or C 6 D 6 at 128.39 ppm, respectively. High resolution mass spectra (HRMS) were obtained on an Ultima Micromass Q-TOF Mass Spectrometer at the Mass Spectrometry Laboratory of University of Illinois, Urbana-Champaign.
(S)-4-((Z)-4-(4-methoxybenzyloxy)-but-1-enyl)-2,2-dimethyl-1,3-dioxolane (10a)
Triphenylphosphine (6.69 g, 25.5 mmol) was added to a solution of 1-((3-iodopropoxy)methyl)-4methoxybenzene (5.19 g, 17.0 mmol) in dry toluene (50 mL). The mixture was heated at reflux for 60 h, then cooled to rt and concentrated in vacuo to give crude 9. The residue was dissolved in THF (60 mL), cooled to -78 o C, and sodium hexamethyldisilylamide (28.3 mL, 0.6 M in toluene) introduced dropwise. The mixture was kept at rt for 30 min and re-cooled to -78 o C, at which time a solution of aldehyde 8 (2.21 g, 17.0 mmol) in THF (10 mL) was slowly added. After 30 min at -78 o C, the mixture was warmed to rt, stirred at this temperature for 1 h, then diluted with saturated aqueous NH 4 Cl and extracted with Et 2 O (3 x 100 mL). The combined organic phase was washed with brine and water, dried (Na 2 SO 4 ), filtered, concentrated in vacuo and purified by FCC to afford 10a (3.97 g, 80% over two steps). 
5-((Z)-4-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-but-3-enylthio)-1-phenyl-1H-tetrazole (10b):
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (3.52 g, 15.5 mmol) was added to a solution of 10a (3.77 g, 12.9 mmol) in a 20/1 mixture of CH 2 Cl 2 /H 2 O (100 mL). The mixture was stirred until TLC indicated complete disappearence of starting material. The mixture was then quenched with saturated aqueous NaHCO 3 , and extracted with CH 2 Cl 2 (3 x 100 mL). The combined organic phase was washed with brine and water, dried (Na 2 SO 4 ), filtered, concentrated in vacuo and purified by FCC to afford the derived primary alcohol (1.93 g, 87%). A solution of di-isopropyl azodicarboxylate (2.61 g, 15.5 mmol) in THF (10 mL) was added at 0 o C to a mixture of the alcohol from the previous step (2.22 g, 12.9 mmol), Ph 3 P (4.06 g, 15.5 mmol) and 1-phenyl-1H-tetrazole-5-thiol (2.76 g, 15.5 mmol) in THF (20 mL). After 30 min, the solution was warmed to rt and maintained at this temperature for 30 min. The mixture was then diluted with Et 2 O, washed with brine and water, dried (Na 2 SO 4 ), filtered, concentrated in vacuo and purified by FCC to afford the thioether derivative (4.07g, 95%). A bright yellow mixture of 30% aqueous H 2 O 2 (14.0 mL, 123 mmol) and ammonium molybdate (5.25 g, 3.56 mmol) was added dropwise, at 0 o C to a solution of the thioether from the previous step (3.93 g, 11.8 mmol) in a 1/8 mixture of THF/EtOH (30 mL). After stirring for 1 h, the reaction was diluted with Et 2 O and saturated aqueous NaHCO 3 was added. The layers were separated and the aqueous phase extracted with Et 2 O (3 x 100 mL). The organic extract was washed with brine and water, dried (MgSO 4 ), filtered, and concentrated in vacuo. FCC of the residue provided sulfone 10b (3.86 g 90%) as a white solid. 
Tetrahydro-2-methoxy-2-((5Z)-6-((S)-2,2dimethyl-1,3-dioxolan-4-yl)-hexa-2,5-dienyl)-2Hpyran (12):
Potassium hexamethyldisiylamide (23.8 mL of a 0.5 M solution in toluene, 11.9 mmol) was added dropwise, at -78 o C, to a mixture of sulfone 10b (2.89 g, 7.94 mmol) in THF (50 mL). The mixture was warmed to rt and kept at this temperature for 1 h. The resulting bright yellow solution was then recooled to -78 o C and aldehyde 11 (1.65 g, 10.6 mmol) in THF (10.0 mL), slowly introduced. The reaction mixture was maintained at -78 o C for 2 h, at rt for an additional 1 h, then diluted with Et 2 O and brine. The layers were separated and the aqueous phase was extracted with Et 2 O (3 x 100 mL). The combined organic extract was washed with water, dried (Na 2 SO 4 ), filtered and concentrated in vacuo. The residue was purified by FCC to afford 12 as a yellow oil (2.11 g, 90%). To a solution of the diol from the previous step (1.15 g, 4.50 mmol) in dry CH 2 Cl 2 (60.0 mL) was added pyridine (1.78 g, 22.5 mmol), DMAP (110 mg, 0.90 mmol), and pivaloyl chloride (652 mg, 5.40 mmol). After 5 h at rt, the reaction mixture was quenched with MeOH (5.0 mL), diluted with CH 2 Cl 2 , washed with 0.1 M HCl, brine and water, dried (Na 2 SO 4 ), filtered and concentrated in vacuo. The residue was purified by FCC to afford 13 as an oil (1.30 g, 85%). R f = 0.30 (30% EtOAc/petroleum ether). The crude mixture 6 from the previous step was quickly dissolved in a 4/1 mixture of CH 3 CN/H 2 O (20.0 mL) and treated with p-toluenesulfonic acid (20.0 mg, 0.10 mmol). After 1 h, the reaction mixture was diluted with Et 2 O and quenched with a saturated aqueous NaHCO 3 solution. The two phases were separated, and the aqueous layer was extracted with Et 2 O (3 x 50 mL). The organic extract was washed with brine and water, dried (Na 2 SO 4 ), filtered and Studies on trioxadispiroketal residue of azaspiracid-1 Natural Product Communications Vol. 3 (11) 2008 1777 concentrated in vacuo. The residue was coevaporated with benzene (two times), re-dissolved in dry CH 2 Cl 2 (10.0 mL) and treated with silver trifluoromethanesulfonate (675 mg, 2.62 mmol) at 0 o C. The mixture was warmed to rt, stirred at this temperature for 3 h, then diluted with CH 2 Cl 2 and a 1/1 mixture of 10% aqueous Na 2 S 2 O 3 and saturated aqueous NaHCO 3 . The organic layer was separated and the aqueous layer was extracted with CH 2 Cl 2 (3 x 30 mL). The combined organic phase was washed with brine and water, dried (Na 2 SO 4 ), filtered, and concentrated in vacuo. DIBAL-H (0.12 mL, 1.0 M in hexane) was added at -78 o C to a portion of the mixture of 7 and 15 (10 mg, 0.031 mmol) in CH 2 Cl 2 (2.0 mL). The reaction mixture was maintained at this temperature for 30 min, then quenched with Rochelle's salt, warmed to rt, and extracted with Et 2 O (4 x 10 mL). The combined organic phase was washed with brine and water, dried (Na 2 SO 4 ), concentrated in vacuo, and purified by FCC on neutral alumina to afford the derived primary alcohols 7-OH and 15-OH (R f = 0.28, 0.30 respectively, 15% EtOAc in petroleum ether).
For 7-OH: 1 13 C NMR (125 MHz, C 6 D 6 ): δ 20.9 (CH 2 ), 26.0 (CH 2 ), 35.4 (CH 2 ), 36.2 (CH 2 ), 37.1 (CH 2 ), 37.4 (CH 2 ), 62.2 (CH 2 ), 65.8 (CH 2 ), 71.4 (CH), 106.2 (C), 107.6 (C), 125.0 (CH), 126.6 (CH). 13 C NMR (125 MHz, C 6 D 6 ): δ 20.9 (CH 2 ), 25.8 (CH 2 ), 34.9 (CH 2 ), 35.5 (CH 2 ), 37.1 (CH 2 ), 37.4 (CH 2 ), 61.9 (CH 2 ), 66.4 (CH 2 ), 75.8 (CH), 105.3 (C), 107.5 (C), 124.1 (CH), 126.3 (CH).
Using the identical pivaloylation procedure that was described for preparation of 13, 7-OH and 15-OH were individually transformed to 7 (7.5 mg) and 15 (2.2 mg). Alternative spiroketalization conditions for 7, 14 and 15: Hydroxydiene 13 (8.0 mg, 0.023 mmol) was subjected to the identical iodoetherification procedure that was described above. To a solution of the the crude product 6 in methanol (0.5 mL) was added AgOTf (18mg, 0.069 mmol) and the mixture was stirred for 30 min. Then PPTS (6.4 mg, 0.023 mmol) and water (0.10 mL) were added sequentially. The resulting mixture was stirred for an additional 6 h and quenched by adding saturated Na 2 S 2 O 3 solution. The mixture was extracted with Et 2 O (3 x 20 mL) and the organic extract was washed with brine and water, dried (Na 2 SO 4 ), filtered and concentrated in vacuo. H-NMR analysis of the crude product indicated a mixture of 7:14:15 in a respective ratio of 3:1:1.
